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Abstract  
Effects of Malondialdehyde (MDA)-induced modification on water distribution in 
fish myofibrillar proteins (MP) gels were investigated using nuclear magnetic 
resonance (NMR) and magnetic resonance imaging (MRI). The oxidative 
modifications of MP gels were evaluated by surface hydrophobicity, gel strength, 
water holding capacity (WHC), scanning electron microscopy (SEM) and SDS-PAGE. 
Influence of heating procedure on water distribution and functional properties of 
modified MP gels was also investigated. Results from NMR and MRI indicated that 
the water functionality was strongly affected by the modification level, which 
corresponded to the changes of water holding capacity of MP upon MDA 
modification. Compared with unmodified MP gels, the T2 relaxation times of 
modified sample increased significantly, indicating an alteration of water-protein 
interaction upon MDA-induced modification. The fraction of P23 declined from 7.66% 
to 0.15% as the MDA addition increased from 0 to 50 mM. Moreover, the relaxation 
components T2b disappeared with the addition of MDA mainly due to enhanced 
protein flexibility and surface hydrophobicity. Besides, the P23 (free water) of heated 
MP samples increased by 5.41 times compared with that of unheated MP samples. 
Keywords: Myofibrillar protein; Oxidation; Water mobility; Low-field NMR 
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1. Introduction 
The water properties of meat products can reflect the ability of holding water and 
influence the product quality, yield and cost (Rosenvold & Andersen, 2003). In meat, 
the majority of the water is located in the spaces between the myofibrillar filaments. 
The gelation of myofibrillar proteins is largely responsible for the textural properties 
and water holding capacity of the meat products (Bertram et al., 2007; Zheng et al., 
2015). The gelation ability of myofibrillar proteins has been well documented in 
terms of factors influencing gelation properties including differences of MP type and 
source, pH, ionic strength, processing parameters, temperature, pressure and the 
interactions of MP with fat and additives (Stangierski & Baranowska, 2015; Li et al., 
2014a; Carini et al., 2010; Ni et al., 2014). In addition, previous studies have shown 
that protein oxidation could alter the secondary and tertiary structures of MP, resulting 
in unfolding of the protein structure and increasing of the protein-protein interactions, 
and eventually change the MP gelling and water holding properties (Zhou et al., 2014; 
Wu et al.,2009). 
Real meat system may contain organic peroxides like lipoperoxides resulting 
from polyunsaturated fatty acid oxidation. It is highly unlikely that the oxidation and 
peroxidation of lipids and proteins take place independently (Wu et al., 2009). Studies 
have shown that the lipid oxidation would take place faster and hence, it is more 
likely that lipid-derived radicals and hydroperoxides promote protein oxidation 
(Esterbauer et al., 1991). Malondialdehyde (MDA) is the most abundant individual 
aldehyde resulting from the oxidation of ω-3 and ω-6 fatty acids (Vandemoortele & 
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De Meulenaer, 2015). It is well document that MDA modifies the protein-protein 
interaction, and further leads to shifts in the functional properties of myofibrillar 
proteins in processed muscle foods (Zhou et al., 2015). On the other hand, MDA can 
react with amino groups of proteins and thus produce strong intermolecular 
cross-links of the Schiff base type and Michael addition type (Vandemoortele & De 
Meulenaer, 2015). However, the water-protein interaction influenced by 
MDA-induced modification of MP gels has only been studied on a very limited basis. 
Nuclear magnetic resonance (NMR) relaxometry could provide direct 
information about characterization of water mobility and distribution, and has been 
used for determination of WHC in meat (Bertram et al., 2004). Studies have shown 
that the 
1
H NMR signal is related to chemical and diffusive exchange between water 
protons and protons from other components (Han et al.,2014). During meat storage 
and processing, changes occurring on T2 relaxation in fish meat can provide further 
insight into proteins’ behavior (Bertram et al., 2002; Bertram et al., 2004). Therefore, 
the aim of the present study was to investigate the effect of MDA-induced 
modification on water distribution and mobility in MP gels before and after heat 
treatment using NMR and MRI. The protein structural changes after modification 
were assessed and discussed in relation to the water distribution of MDA-modified 
MP gels. 
2. Materials and Methods 
2.1 Materials and chemicals  
Fresh silver carp was purchased at a local market in Wuxi city, China. 1, 1, 3, 3 – 
tetramethoxypropane was purchased from Sigma-Aldrich (St Louis, MO, USA). All 
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other chemicals were of analytical reagent grade. 
2.2 Extraction of MP 
 MP was extracted from the dorsal muscle of silver carp by homogenizing the fish 
mince with 4 volumes of cold distilled water (<4 
o
C) according the method of Park et 
al. (2006). After addition of 0.1 M NaCl, the pH of the MP suspension was adjusted to 
6.25 before centrifugation. The pellet was finally suspended in 20 mM sodium 
phosphate buffer (pH 6.0), and its protein content was determined according to the 
Biuret method using BSA as standard. 
2.3 Preparation of MDA solution 
  MDA solution was freshly prepared by hydrolyzing 1, 1, 3, 3 - 
tetramethoxypropane according to the method described by Wu et al. (2009) with 
minor modifications. Firstly, 8.4 mL (50 mM) 1, 1, 3, 3 - tetramethoxypropane was 
mixed with 10.0 mL 5.0 M HCl and 31.6 mL distilled water and incubated at 40 °C in 
the dark for 30 min. After acidic hydrolysis, the resulting mixtures were adjusted with 
NaOH (6 M) solution to pH 6.0 to obtain the MDA solution. Finally, the MDA 
solution was diluted to 100 mL using 50 mM PB (pH 6.0). The concentration of MDA 
was determined by spectrophotometric measurements of the dilution 10
-5
 at 267 nm 
and calculated using the ε = 31,500. 
2.4 MDA modification of myofibrillar protein and gelation 
 MP suspension (40 mg/mL, in 50mM sodium phoshate buffer, pH6.0) were mixed 
with different concentrations of MDA (0, 1, 3, 5, 10, 25, 50 mM L
−1
, final 
concentration). The mixtures were immediately transferred into tightly sealed glass 
vials and incubated at 25 °C in the dark for 24 h. After incubation, a series of MDA 
treated MP gel (MDA-MP) samples was obtained. Furthermore, all samples obtained 
after incubation were heated from 25 to 80 °C at 1 °C /min increments in a water bath. 
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The heated MP gels (HMDA-MP) were chilled in an ice slurry and then stored at 4°C 
overnight before any measurements. Samples before and after heating were expressed 
as MDA-modified myofibrillar protein (MDA-MP) and heated MDA-modified 
myofibrillar protein (HMDA-MP), respectively. 
2.5 Protein surface hydrophobicity  
Protein surface hydrophobicity of MP was determined using bromophenol blue 
(BPB) according to the description of Chelh et al. (2006). To 1 mL of myofibril 
suspension, 200 μL of 1 mg/mL BPB was added and mixed well. A control, without 
myofibrils, was prepared substituting 1 mL of 20 mM phosphate buffer. Samples and 
control were mixed at room temperature, for 10 min and then centrifuged for 15 min 
at 2,000 g. The absorbance of the supernatants was measured at 595 nm against a 
phosphate buffer blank. The amount of BPB bound, given by the following formula, 
where A is absorbance at 595 nm,  
BPB bound (μg) =20 μg×(Acontrol -Asample )/ Acontrol 
2.6 Gel strength  
The gel strength of the MP gels was measured using a cylinder measuring probe 
(P/0.5) attached to a TA.TX2 texture analyzer (TA-XT plus, Stable Micro Systems, 
Ltd., Surrey, United Kingdom) at a constant probe speed of 1.0 mm/min at room 
temperature (25 ± 1 °C). The gel strength is defined as the initial force required to 
disrupt the gels. All samples were tested in triplicate. 
2.7 Water holding capacity (WHC)  
The WHC values of the MP gels were determined according to the method of Xia 
et al. (2010) with slight modifications. The MP gels (3 g) were centrifuged at 8,000g 
for 30 min at 4 °C and the WHC (%) was expressed as the final weight of the 
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centrifugate as a percentage of the weight before centrifugation. 
2.8 Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) analysis  
SDS-PAGE was performed on the MP gels according to the method described by 
Flores et al.(2006). The diluted MP sol was mixed with certain volumes of sample 
buffer (with and without 5% β-mercaptoethanol (β-ME)) to obtain a theoretical 
concentration of 1 mg mL
−1
 protein. Samples were vortexed and incubated at room 
temperature overnight. The ones with β-ME were boiled for 3 min before 
centrifugation (10,000 g, 10 min). Then, 15 μL of protein sample was loaded onto the 
polyacrylamide gel made of 12% running gel and 5% stacking gel. Electrophoresis 
was run using an SE 250 Mighty Small II vertical slab gel electrohoresis unit (Hoefer 
Scientific Instruments, San Francisco, CA, USA). 
2.9 Microstructure 
Scanning electron microscopy (SEM) was performed to examine the structural 
characteristics of oxidized MP gels (Quanta-200, FEI Ltd., Netherlands) according to 
the method described by Haga and Ohashi (1984) with slight modifications. Gel 
cubes (4 × 4 × 3 mm
3
) were fixed in 0.1 M sodium phosphate buffer (pH 7.0) 
containing 2.5% glutaraldehyde for 24 h at 4°C. Fixed samples were dipped in 0.1 M 
phosphate buffer (pH 7.0) for 10 min and then postfixed in the buffer containing 1% 
osmium tetraoxide for 5 h at 4 °C. Samples were washed 3 times with 0.1 M 
phosphate buffer and then dehydrated in graded solutions. Then the samples were 
vacuum-freeze-dried and applied to the SEM.  
2.10 Water Distribution in MP Gels with Low-field 1H NMR Relaxation Time (T2) 
Low field 
1
H NMR measurements were performed according to Li et al. (2014a), 
with minor modification. Gels formed in the glass bottles (20 mm×40 mm) were 
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placed in 30 mm NMR cylindrical glass tubes and then inserted into the NMR probe 
of a low field NMR analyzer (PQ001, Niumag Electric Corporation, Shanghai, China) 
with a resonance frequency for protons of 100KHz and a magnetic field strength of 
0.5 ± 0.08 T. Transverse (T2) relaxation was measured using the 
Carr–Purcell–Meiboom–Gill pulse sequence (CPMG) with 4 scans, 3000 echoes, 13.8 
s between scans, and 200 μs between pulses of 90° and 180°. The data were analyzed 
by applying multi-exponential fitting of T2 relaxation data with the MultiExp Inv 
Analysis 4.09 (Niumag Electric Corporation, Shanghai, China) . 
2.11 Proton Density Images of MP Gels with Magnetic Relaxation Image (MRI) 
MRI is a method with the advantages of non-destructive pre-treatment, and we can 
get the full image of the sample (Liu et al., 2013). Gels formed in the same glass 
bottles were scanned using a Mini MR-60 instrument (Niumag Electric 
Corporation,Shanghai, China). The samples were divided into two layers for analysis, 
the width of each layer was 2.0 mm, and slice gap was 0.5 mm. Each image was 
acquired as a sum of ten scans. Arbitrary color-scale surface plots were used to 
represent the distribution of water within the MP gels.  
2.12 Statistical analysis   
Statistical calculations were performed using the statistical package SPSS 11.5 
(SPSS Inc., Chicago, IL, USA) for one-way ANOVA. Triplicate preparations of 
myofibrillar proteins were carried out to confirm the accordance. Data were expressed 
as means ± standard deviations (SD) of triplicate determinations. 
 
3. Results and Discussion 
3.1 Protein surface hydrophobicity 
Surface hydrophobicity of protein is one of the structural characteristics used to 
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evaluate the change in protein conformation (Sante-Lhoutellier et al., 2008). Fig. 1 
shows the surface hydrophobicity of the control and modified MP. Compared to the 
control (37.4 μg Bound BPB), the protein surface hydrophobicity significantly 
increased (P<0.05) as MDA concentration increased from 0 to 10mM. Generally, 
MDA modification is conducive to the unfolding of protein structure (Zhou et 
al.,2015). Thus the originally occluded hydrophobic amino acids could be exposed to 
the polar surface. However, upon further modification (above 10 mM MDA), a 
downward trend in surface hydrophobicity was observed, which might be related to 
formation of protein aggregation via hydrophobic interactions and structural 
modification of exposed hydrophobic residues (Wu et al., 2009). 
In HMDA-MP, the surface hydrophobicity shows a similar trend to that of 
MDA-MP samples (Fig.1). Compared with those MDA-MP samples, HMDA-MP 
samples showed a higher surface hydrophobicity. This could be attributed to the heat 
treatment which is generally associated with the breaking hydrogen or electrostatic 
bonds of protein, resulting in exposure of the interior hydrophobic amino acids of 
their molecules (Promeyrat et al., 2010).   
3.2 Gel strength and Water holding capacity 
Gel strength of samples is depicted in Fig.2. For MDA-MP, results showed that 
increasing addition of MDA enhanced the gel strength. When further modified, the gel 
strength could reach 1.24 N, representing an evident increase of about 2.0 times 
compared with that of control. This could be mainly due to the swelling of 
myofibrillar protein and thus the increased interaction between protein molecules as 
affected by MDA modification (Xiong et al., 2010). Heat treatment further increased 
the gel strength with the addition of MDA (Fig. 2). Studies have shown that the 
disulfide bond formed during heating helped reinforce the gel structure and thus 
increase the MP gel strength. 
Gel WHC, a quantitative indication of the amount of water retained within protein 
gel network structure, could reflect coarseness of protein gel structure. In MDA-MP 
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gels, with the increased MDA addtion, the WHC increased, indicated the increase of 
the capacity of the MP gel network to hold water, showing a very similar changing 
tendency with gel strength (Fig. 3). In HMDA-MP, the WHC firstly decreased with 
the addition of MDA no more than 10 mM. It has been reported that heating have 
dramatic effect on protein structures and water characteristics of meat, resulting in 
pronounced loss of water from the intra- and inter-myofibrillar protein network 
(Bertram et al., 2006). However, further modification induced by MDA significantly 
increased the WHC of MP gel, meaning that the oxidation strengthened the gel 
structure, and positively affected the protein gel to take up water.  
3.3 SDS-PAGE 
Protein patterns of MDA-MP and HMDA-MP with addition of MDA in the absence 
and presence of β-ME are shown in Fig.4. In the absence of β-ME, with the increasing 
concentration of MDA, a continuous decrease in band intensity of myosin heavy 
chain (MHC) band was discovered, accompanied by the accumulation of high 
molecular weight compound (HMWC) at the top of the gel. In the presence of β-ME 
(Fig. 4A), some of these HMWC stacking could be recovered, indicating that HMWP 
were partially formed through disulfide bonds (Zhou et al., 2015). However, the loss 
MHC could not be recovered when the addition of MDA exceeded 25 mM, suggesting 
the formation of non-disulfide bond or aggregates was performed through this 
mechanism (Estévez, 2011). It is worth noting that the Actin band of modified MP 
samples remained faint, which might be related to the absence of free thiol groups in 
the molecule (Cao et al., 2015).    
For HMDA-MP, heat treatment enhanced protein cross-linking for significant 
amounts of myosin (MHC) and actin were lost with increasing concentration of MDA 
(Fig. 4B). When the heated samples were treated with β-ME, all the protein 
components were essentially recovered to that of MDA-MP, indicating that heating 
changed the dynamics of disulfide production, favoring disulfide linkages between 
myosin tails during gelation (Li et al., 2012). This shifting in the disulfide chemistry 
AC
CE
PT
ED
 M
AN
US
CR
IP
T
ACCEPTED MANUSCRIPT
was largely responsible for the significant enhancement of protein network formation 
during heating stage. Furthermore, heating accelerated the oxidative attack towards 
protein, leading to degradation or fragmentation of protein for the band appeared to be 
much more diffused (Kanner, 1994).  
3.4 Microstructure 
Microstructure of protein gel was related to the gel properties of MP. SEM 
micrographs of the control, MDA-MP and HMDA-MP gels are shown in Fig. 5. The 
control protein gel presented uneven shapes exhibiting some spread in pore size and 
protein aggregates, while these micrographs of MDA-MP gels revealed a more 
aggregated structure compared with control gels that exhibited a more continuous, 
packed structure (Fig.5A). A dense network of modified MP gels exhibits increased 
capability to immobilize water (Han et al., 2009), thus, explaining the WHC as shown 
in Fig.3. For HMDA-MP gels, heat treatment greatly enhanced the reaction between 
protein and reactive aldehyde, and thus a more compact and dense gel matrix was 
observed (Fig,5B). However, there exhibited some irregular holes in control gel and 
MP gels treated with lower MDA concentration (< 5 mM). When the addition of 
MDA was raised to 10 mM, these irregular holes were all vanished and a solid-like 
gel structure formation can be obtained.   
3.5 Relaxation time analysis of MP gels 
3.5.1 Effect of modification on relaxation time T2 of MP gels 
T2 distribution fitted is used to assess relaxation time of hydrogen protons. Figure 6 
shows the T2 relaxation time distribution of MP gels. It can be observed that there 
were four peaks in each sample, showing that the meat proteins restricted the water 
mobility with different magnitudes. The components with the shorter relaxation time, 
T2b and T21 (0-10 ms), respectively corresponding to protons that are in 
macromolecular structures and that are combined closely with macromolecular. A 
major component T22 (60-200 ms), was assigned to myofibrillar water and water 
within the protein structure. The last peak represented extra-myofibrillar water (T23) 
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population, which appeared between 600 and 1,000 ms. The existence of four groups 
water in the gel is in agreement with reported by Sanchez on hake muscle 
(Sanchez-Alonso et al., 2014) and Zheng on chicken batters (Zheng et al., 2015).  
The relaxation times of all four components were significantly increased with MDA 
concentration compared with control (Fig. 6), indicating an alteration of water-protein 
interaction. Studies have shown that if the relaxation time is shorter, smaller amount 
of mobile water is available, whereas the longer relaxation time infers to a more 
mobile water fraction (Shao et al., 2016). Therefore, the increased T2 relaxation times 
indicated that MDA-induced modification resulted in certain level of the immobile 
water shifting to free water, and reduced the abundance of water in MP gels. Besides, 
the relaxation components T2b disappeared with the further addition of MDA(>1mM), 
which was believed to be associated with the enhanced protein surface hydrophobicity 
make it difficult to binding water and thus decreased the water holding capacity (Li et 
al., 2014b). It has been suggested that side chains of proteins available for water 
binding include carboxyl-, amino-, hydroxyland sulfhydryl-groups while the 
carbonyl- and imido-groups of the peptide bonds may also play a role (McDonnell et 
al., 2013). In present study, a significant number of carbonyl- and imido-groups were 
formed via MDA addition. Therefore, the T2b relaxation time corresponded to the 
availability of protein side-chains due to myofibrillar swelling. 
3.5.2 Effect of modification on peak area properties of MP gels 
The effects of MDA-induced modification on the populations (P2) of MP gels are 
shown in Fig.8. First describe what peak area signifies. Compared to the control, P2b 
and P21 began to decrease markedly in the presence of 3 mM MDA (Fig.7A), while no 
significant difference in populations was found with further increase in MDA 
concentration from 3 to 50 mM. The P23 of MP gels declined from 7.66% to 0.15% as 
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the MDA concentration increased from 0 to 50 mM, shared a similar trend to that 
observed with P2b and P21 with the addition of MDA (Fig.7B), suggesting that 
modification with 10 mM of the MDA reached a saturation level. Additionally, the P22 
increased significantly with increasing MDA concentration, which could be attributed 
to the development of protein-protein cross links under MDA-induced stress (Bertram 
et al., 2007).  
3.5.3 Proton Density Images of MP Gels 
The MRI technology is a non-destructive analytical tool for the study of biological 
materials because of its nondestructive, accurate, and high resolution properties (Yang 
et al., 2012). In the different weighted imaging graphics, MRI can highlight the signal 
of different phases of water in the organization. In the present study the proton density 
images were taken to visually examining the spatial distribution of water in the 
samples. Proton density images of MP gels are shown in Fig.8. The proton density 
maps will be much brighter and the pseudo-color pictures will be redder if there are 
more hydrogen protons within the given area (Shao et al.,2016). In our images, the 
two layers represented the distribution of water on the sample surface, and in the 
middle of the sample, respectively. As can be seen from the proton density map 
(Fig.8), subtle differences were observed of the moisture distribution of each sample 
between the surface and the middle section. With the addition of MDA no more than 
10 mM, there was more hydrogen protons in the first layer of gel derived from 
oxidized MP than that from the non-oxidized MP. However, further addition of MDA 
significantly decreased the hydrogen protons. Besides, there was no difference in the 
middle layer because the water in the middle section of gel was probably more 
difficult to be diffused than the water on gel surface. 
3.6 Relaxation time analysis of heated MP gels 
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3.6.1 Effect of MDA modification on relaxation time T2 of heated MP gels 
The changes of T2 relaxation times determined on various MDA content were 
presented in Fig.9. Heat treatment remarkably influenced the protein structure and 
water mobility in the system (Bertram et al., 2007). With increasing MDA 
concentration, the T22 relaxation time increased significantly from 86.97 ms to 151.99 
ms, this could be attributed to the protein aggregates leading to the decreased surface 
area within the myofibril and therefore result in a decrease of macromolecule sites for 
water binding (Zhou et al., 2014). Furthermore, decreased T23 relaxation time was 
observed with increased MDA concentration. This means that the gelation 
immobilized the outer hydration layers and therefore shortened the T23.  
3.6.2 Effect of MDA modification on peak area properties of heated MP gels 
Figure 10 shows the effect of MDA induced modification on the proportions of P2b, 
P21, P22 and P23 of heated MP gels. The proportions of P2b and P21 were not 
significantly (p>0.05) affected by heat treatment. Furthermore, the proportions of P22 
decreased with increasing MDA concentration from 0 to 10 mM. However, further 
addition of MDA significantly increased (P < 0.05) the P22, corresponding to the 
results of WHC with different MDA concentration. Heat treatment could increase 
exposures of susceptible side-chain groups and enhance the reaction between protein 
and reactive aldehyde. This aggravated protein gelation immobilized the water 
retained within MP reticular formation (Han et al., 2014). For P23, with increasing 
MDA concentration from 0 to 10mM, the peak area firstly increased. While upon 
further oxidation (above 10 mM MDA), a downward trend in P23 was observed. 
Besides, the P23 of heated MP samples was elevated significantly compared with 
unheated MP samples, which was in agreement with the hypotheses proposed by Han 
et al., (2014) on pork myofibrillar proteins. These findings suggested that protein 
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under swelling conditions could obviously combine more water than the protein that 
form into solid-like gel.  
3.7 General discussion 
To better understand the relationship between water state and myofibrillar protein 
structure changes involving simultaneous protein modification by MDA, a schematic 
illustration of the formation process of the MDA-induced MP gels is therefore 
proposed and shown in Figure 11. The unfolding of protein structure facilitates the 
interaction between protein and MDA and thus certain amounts of covalent bonds 
were formed as indicated by SDS-PAGE (Fig. 4), which promoted the gel formation 
(Fig. 5A). The swelling of the MP gel therefore make the free water trapped within 
the myofibril and less water remains in the loosely bound extra-myofibrillar space 
(Fig. 7). Furthermore, disulfide bonds formed during heating procedure caused the 
myosin to fold and produce smaller structure, and the lack of swelling make it 
difficult to bind free water, thus, certain level of the immobile water in MP gels was 
shifted to free water (Fig. 9).  
4. Conclusion 
In the present study, MDA-induced modifications could influence the water 
distribution in fish MP gels, mainly contributed by the protein structural changes. 
Results from MRI have shown that there was more hydrogen protons in surface of gel 
derived from MDA-modified MP than that from the unmodified MP. While further 
addition of MDA significantly decreased the hydrogen protons suggesting that protein 
denaturation induced by MDA modification could constrain the motion of protons. 
Besides, the P23 (free water) of heated MP samples was elevated significantly 
compared with unheated MP samples. Considering the real meat manufacturing or 
storage process, the link between MDA-induced protein modification and water 
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distribution of MP gel is far from straightforward. However, the results presented in 
this paper provides valuable information on the relation between MDA-induced 
changes of protein and water functionalities. These properties are critical for the food 
industry to control meat and meat products which underwent oxidative stress. 
 
Acknowledgments 
  We acknowledge the financial support by Jiangsu Province (China) “Collaborative 
Innovation Center for Food Safety and Quality Control”Industry Development 
Program, Jiangsu Province (China) Infrastructure Project (Contract No. BM2014051) 
which have enabled us to carry out this study.  
 
References 
Bertram, H. C., Kristensen, M., & Andersen, H. J. (2004). Functionality of 
myofibrillar proteins as affected by pH, ionic strength and heat treatment - a 
low-field NMR study. Meat Science, 68(2), 249-256. 
Bertram, H.C., Kristensen, M., Ostdal, H., Baron, C. P., Young, J. F., & Andersen, H. 
J. (2007). Does oxidation affect the water functionality of myofibrillar 
proteins? Journal of Agricultural and Food Chemistry,55(6), 2342-2348. 
Bertram, H. C., Kohler, A., Bocker, U., Ofstad, R., & Andersen, H. J. (2006). 
Heat-induced changes in myofibrillar protein structures and myowater of two 
pork qualities. A combined FT-IR spectroscopy and low-field NMR 
relaxometry study. Journal of Agricultural and Food Chemistry,54 (5), 
1740-1746. 
Bertram, H. C., Purslow, P. P., & Andersen, H. J. (2002). Relationship between meat 
AC
CE
PT
ED
 M
AN
US
CR
IP
T
ACCEPTED MANUSCRIPT
structure, water mobility, and distribution: A low-field nuclear magnetic 
resonance study. Journal of Agricultural and Food Chemistry, 50(4), 824-829. 
Carini, E., Curti, E., Spotti, E., & Vittadini, E. (2010). Effect of Formulation on 
Physicochemical Properties and Water Status of Nutritionally Enriched Fresh 
Pasta. Food and Bioprocess Technology, 5(5), 1642-1652. 
Cao, Y., & Xiong, Y. L. (2015). Chlorogenic acid-mediated gel formation of 
oxidatively stressed myofibrillar protein. Food Chemistry, 180, 235-243. 
Chelh, I., Gatellier, P., & Sante-Lhoutellier, V. (2006). Technical note: A simplified 
procedure for myofibril hydrophobicity determination. Meat Science, 74(4), 
681-683. 
Esterbauer, H., Schaur, R. J., & Zollner, H. (1991). Chemistry and biochemistry of 
4-hydroxynonenal, malonaldehyde and related aldehydes. Free Radical 
Biology and Medicine,11(1), 81-128. 
Estevez, M. (2011). Protein carbonyls in meat systems: a review. Meat Science, 89(3), 
259-279. 
Flores M., Barat, J. M., Aristoy, M. C., Peris, M. M., Grau, R., &Toldra, F. (2006). 
Accelerated processing of dry-cured ham. Part 2. Influence of brine 
thawing/salting operation on proteolysis and sensory acceptability. Meat 
Science, 72(4), 766-772. 
Han, M., Zhang, Y., Fei, Y., Xu, X., & Zhou, G. (2009). Effect of microbial 
transglutaminase on NMR relaxometry and microstructure of pork 
myofibrillar protein gel. European Food Research and Technology, 228(4), 
AC
CE
PT
ED
 M
AN
US
CR
IP
T
ACCEPTED MANUSCRIPT
665–670. 
Han, M., Wang, P., Xu, X., & Zhou, G. (2014). Low-field NMR study of 
heat-induced gelation of pork myofibrillar proteins and its relationship with 
microstructural characteristics. Food Research International. 62, 1175-1182. 
Haga, S., & Ohashi, T. (1984). Heat-induced gelation of a mixture of myosin B and 
soybean protein. Agricultural and Biological Chemistry,48(4),1001–7. 
Kanner, J. (1994). Oxidative processes in meat and meat products: Quality 
implications. Meat Science. 36(1–2), 169-189. 
Li, C., Xiong, Y. L., & Chen, J. (2012). Oxidation-induced unfolding facilitates 
myosin cross-linking in myofibrillar protein by microbial transglutaminase. 
Journal of Agricultural and Food Chemistry, 60(32), 8020-8027 
Li, Y., Jia, W., Zhang, C. H., Li, X., Wang, J. Z., Zhang, D. Q., & Mu, G.F. (2014a). 
Fluctuated Low Temperature Combined with High-Humidity Thawing to 
Reduce Physicochemical Quality Deterioration of Beef. Food and Bioprocess 
Technology, 7(12), 3370-3380. 
Li, Y., Li, X., Wang, J-z., Zhang, C-h., Sun, H-m., Wang, C-q., & Xie, X-l. (2014b). 
Effects of Oxidation on Water Distribution and Physicochemical Properties of 
Porcine Myofibrillar Protein Gel. Food Biophysics, 9(2), 169-178. 
Liu, J., Zhu, K., Ye, T., Wan, S., Wang, Y., Wang, D., Li, B., & Wang, C. (2013). 
Influence of konjac glucomannan on gelling properties and water state in egg 
white protein gel. Food Research International, 51(2), 437-443. 
McDonnell, C. K., Allen, P., Duggan, E., Arimi, J. M., Casey, E., Duane, G., & 
AC
CE
PT
ED
 M
AN
US
CR
IP
T
ACCEPTED MANUSCRIPT
Lyng ,J. G. (2013). The effect of salt and fibre direction on water dynamics, 
distribution and mobility in pork muscle: a low field NMR study. Meat 
Science, 95(1), 51-58. 
Ni, N., Wang, Z., He, F., Wang, L., Pan, H., Li, X., Wang, Q., & Zhang, D. (2014). 
Gel properties and molecular forces of lamb myofibrillar protein during heat 
induction at different pH values. Process Biochemistry,49(4), 631-636. 
Park, D., Xiong, Y. L., Alderton, A. L., & Ooizumi, T. (2006). Biochemical changes 
in myofibrillar protein isolates exposed to three oxidizing systems. Journal of 
Agricultural and Food Chemistry, 54(12), 4445-4451. 
Promeyrat, A., Gatellier, P., Lebret, B., Kajak-Siemaszko, K., Aubry, L., & 
Santé-Lhoutellier, V. (2010). Evaluation of protein aggregation in cooked 
meat. Food Chemistry. 121(2), 412-417. 
Rosenvold, K., & Andersen, H. J. (2003). Factors of significance for pork quality—a 
review. Meat Science, 64(3), 219-237. 
Sanchez-Alonso, I., Moreno, P., & Careche, M. (2014). Low field nuclear magnetic 
resonance (LF-NMR) relaxometry in hake (Merluccius merluccius, L.) muscle 
after different freezing and storage conditions. Food Chemistry, 153, 250-257. 
Sante-Lhoutellier, V., Astruc, T., Marinova, P., Greve, E., & Gatellier, P. (2008). 
Effect of meat cooking on physicochemical state and in vitro digestibility of 
myofibrillar proteins. Journal of Agricultural and Food Chemistry,56(4), 
1488-1494. 
Shao, J-H., Deng, Y-M., Song, L., Batur, A., Jia, N., & Liu, D-Y. (2016). 
AC
CE
PT
ED
 M
AN
US
CR
IP
T
ACCEPTED MANUSCRIPT
Investigation the effects of protein hydration states on the mobility water and 
fat in meat batters by LF-NMR technique. LWT - Food Science and 
Technology, 66, 1-6. 
Stangierski, J., & Baranowska, H.M., (2015). The Influence of Heating and Cooling 
Process on the Water Binding in Transglutaminase-Modified Chicken Protein 
Preparation, Assessed Using Low-Field NMR. Food and Bioprocess 
Technology, 8(12), 2359-2367. 
Vandemoortele, A., & De Meulenaer, B. (2015). Behavior of Malondialdehyde in 
Oil-in-Water Emulsions. Journal of Agricultural and Food Chemistry, 63 (23), 
5694-5701. 
Wu, W., Zhang, C., & Hua, Y. (2009). Structural modification of soy protein by the 
lipid peroxidation product malondialdehyde. Journal of the Science of Food 
and Agriculture,89(8), 1416-1423. 
Xia, X., Kong, B., Xiong, Y., & Ren, Y. (2010). Decreased gelling and emulsifying 
properties of myofibrillar protein from repeatedly frozen-thawed porcine 
longissimus muscle are due to protein denaturation and susceptibility to 
aggregation. Meat Science, 85(3), 481-486. 
Xiong, Y. L., Blanchard, S. P., Ooizumi, T., & Ma, Y. (2010). Hydroxyl radical and 
ferryl-generating systems promote gel network formation of myofibrillar 
protein. Journal of Food Science, 75(2), C215-221. 
Yang, H., Ding, L., An, L., Xiang, Z., Chen, M., Zhou, J., Li, F., Wu, D., & Yang, S. 
(2012). A d-f heteronuclear complex for dual-mode phosphorescence and 
AC
CE
PT
ED
 M
AN
US
CR
IP
T
ACCEPTED MANUSCRIPT
magnetic resonance imaging. Biomaterials, 33 (33), 8591-8599 
Zheng, H., Xiong, G., Han, M., Deng, S., Xu, X., & Zhou, G. (2015). High 
pressure/thermal combinations on texture and water holding capacity of 
chicken batters. Innovative Food Science & Emerging Technologies, 30, 8-14. 
Zhou, F., Sun, W., & Zhao, M. (2015). Controlled formation of emulsion gels 
stabilized by salted myofibrillar protein under malondialdehyde 
(MDA)-induced oxidative stress. Journal of Agricultural and Food Chemistry, 
63(14), 3766-3777. 
Zhou, F., Zhao, M., Zhao, H., Sun, W., & Cui, C. (2014). Effects of oxidative 
modification on gel properties of isolated porcine myofibrillar protein by 
peroxyl radicals. Meat Science, 96(4), 1432-1439. 
 
 
 
 
 
 
 
 
 
 
 
AC
CE
PT
ED
 M
AN
US
CR
IP
T
ACCEPTED MANUSCRIPT
Fig. 1  
 
 
Fig.1 Surface hydrophobicity measured as bound BPB by myofibrillar proteins (MP) 
treated with different concentrations of MDA. Different letters (a–f) for the same 
parameter indicate significant differences (P < 0.05) between treatments. 
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Fig. 2  
 
Fig.2 Gel strength of myofibrillar proteins (MP ) treated with different concentrations 
of MDA. Different letters (a–g) for the same parameter indicate significant 
differences (P < 0.05) between treatments. 
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Fig. 3  
 
Fig.3 WHC of myofibrillar proteins (MP) treated with different concentrations of 
MDA. Different letters (a–e) for the same parameter indicate significant differences (P 
< 0.05) between treatments. 
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Fig.4 
 
 
Fig.4 Representative SDS-PAGE patterns of MDA-MP(A) and HMDA-MP(B) at 
different oxidizing levels. Samples were prepared in the presence (β+ME) or absence 
(β-ME) of 5% β-mercaptoethanol. Different lanes are from the left to the right: 
Standard, oxidized protein (with 0, 1, 3, 5, 10, 25, 50 mM MDA). 
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Fig.5 
 
 
Fig.5 Scanning electron microscope micrographs (magnification1: 100) of MDA-MP 
gels (A) and HMDA-MP gels (B). 
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Fig. 6 
 
 
Fig.6 Relaxation time T2 of myofibrillar proteins (MP) gels treated with different 
concentrations of MDA.  
 
 
 
 
 
 
 
 
AC
CE
PT
ED
 M
AN
US
CR
IP
T
ACCEPTED MANUSCRIPT
Fig. 7  
 
 
Fig.7 Peaks area proportion(A: P2b, P21 and P23; B: P22) of myofibrillar proteins (MP) 
gels treated with different concentrations of MDA. Different letters (a–g) for the same 
parameter indicate significant differences (P< 0.05) between treatments. 
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Fig. 8 
 
Fig.8 Proton density images of myofibrillar proteins (MP) gels treated with different 
concentrations of MDA. The sample was divided into surface section and middle 
section, and the thickness of each layer is 1.5 mm. The color scale is calibrated in 
moisture content. 
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Fig.9 
 
 
 
Fig.9 Relaxation time T2 of heated myofibrillar proteins (MP) gels treated with 
different concentrations of MDA. 
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Fig.10  
 
Fig.10 Peaks area proportion of heated myofibrillar proteins (MP) gels treated with 
different concentrations of MDA. Different letters (a–f) for the same parameter 
indicate significant differences (P < 0.05) between treatments. 
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Fig.11  
 
 
 
Fig. 11 Postulated molecular interactions between water and myofibrillar proteins as 
affected by MDA modification. 
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Effects of Malondialdehyde-induced Oxidation on Water Functionality 
and Physicochemical State of Fish Myofibrillar Protein Gel 
Graphical abstract: 
 
 
 
 
 
 
 
 
 
 
 
Postulated molecular interactions between water 
and myofibrillar proteins under oxidative stress 
originating from MDA in gel formation 
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Highlights: 
 
 The LF-NMR technique and MRI technique for assessing the mobility water in 
myofibrillar proteins was investigated. 
 Malondialdehyde (MDA) affected water functionality of myofibrillar proteins 
(MP). 
 The relaxation components T2b disappeared with the addition of MDA. 
 The P23(free water) of myofibrillar protein was elevated significantly after 
heating. 
